Cloning and characterization of the Drosophila syn. taxin.lA gene, syx-lA, reveal that it is present in several tissues but is predom inantly expressed in the nervous system, where it is localized to axons and synapses. We have generated an alleUc series of lossof-function mutations that result in embryonic lethality with associated morphological and secretory defects dependent on the severity of the mutant allele. Electrophysiological recordings from partial loss-of-function mutants indicate absence of endogenous synaptic transmission at the neuromuscular junction and an 80% reduction of evoked transmission. Complete absence of syx-lA causes subtle morphological defects in the peripheral and central nervous systems, affects nonneural secretory events, and entirely abolishes neurotransmitter release. These data demonstrate that syntaxin plays a key role in nonneuronal secretion and is absolutely required for evoked neurotransmission.
Introduction
. Recently, the hypothesis that synaptobrevin, syntaxin, and SNAP-25 have a direct function in synaptic vesicle exocytosis has received support from the observation that clostridial and tetanus toxins proteolyze these proteins at the synapse and are potent inhibitors of neurotransmitter release (reviewed by Niemann et al., 1994) . However, their precise role in vivo remains to be determined as no mutations of these proteins have been identified.
Syntaxin-lA and syntaxin-lB were discovered as presynaptic membrane proteins that coimmunoprecipitated with synaptotagmin, suggesting that they could be components that mediate vesicle docking or fusion (Bennett et al., 1992) . The discovery of many syntaxins indicates that they may serve m any cell types as target membrane receptors for secretory vesicles . This suggestion is supported by the phenotype of ssol and sso2 yeast mutants, as the lack of these syntaxin-like proteins causes post-Golgi transport vesicle accumulation (Aalto et al., 1993) . Evidence of the role of syntaxin in neurotransmitter release was provided by experiments demonstrating that cleavage of syntaxin-lA by botulinum neurotoxin C1 (Blasi et al., 1993) as well as injection of PC12 cells with anti-syntaxin antibodies resulted in reduction of vesicle fusion. These data collectively support a role for syntaxin in the processes of synaptic vesicle docking and/or fusion.
To study the function of syntaxin in vivo, we have cloned and mutagenized the Drosophila homolog of rat syntaxin-1A, syx-lA, and describe its developmental expression pattern and cellular and subcellular distribution in the embryo as well as the adult. Here, we show that syx-lA is essential for embryonic viability and development. Most importantly, null mutations of syx-lA cause a complete failure of evoked neurotransmitter release.
The process by which neurotransmitter-filled synaptic vesicles undergo docking and fusion with the presynaptic membrane remains the focus of intensive studies. Recently, it has become apparent that many of the proteins thought to be involved in synaptic transmission may have evolved as a specialized form of protein required for general exocytosis . identification of a number of critical synaptic components as homologs of proteins involved in secretory pathways in yeast suggests that synaptic transmission may be composed of two elements: first, a component common to all eukaryotic exocytotic mechanisms; second, a component unique to neurons (e.g., Ca2+-dependent release).
The synapse-specific isoforms with homology to yeast secretory proteins include the synaptic vesicle protein synaptobrevin (Baumert et al., 1989; Trimble et al., 1988) , the presynaptic membrane proteins syntaxin (Bennett et al., 1992) and SNAP-25 (Oyler et al., 1989) , and the cytosolic protein Munc-18/n-Sec1 (Garcia et al., 1994; Hata et al., 1993; Pevsner et al., 1994) , known as rop in Drosophila
Results
Sequence, Structure, and Cytological Mapping of Drosophila syx.lA
We initiated our search for Drosophila homologs of syntaxins by polymerase chain reaction (PCR) amplification from a head cDNA library (Salvaterra, 1987) using degenerate primers derived from two short regions in the carboxy-terminal portion of the protein. The 120 bp PCR product was used to isolate genomic phages spanning approximately 30 kb ( Figure 1A ). Concurrently, six cDNAs were isolated from a head cDNA library; two were subcloned and sequenced. The longest cDNA (1.4 kb) was mapped to the walk ( Figures 1A and 1B) . The entire open reading frame (ORF) is contained within 873 bp of contiguous genomic sequence. In addition, PCR amplification using primers A and P ( Figure 1B ; see below) generates a fragment of 1.85 kb, suggesting that most of the cDNA sequence is contained within a single exon and implying Other PCR analyses of the genomic region and P element excisions were performed with primers labeled A, E, F, H, and I. (C) Drosophila syx-lA shown in a direct comparison with rat syntaxin-1A (Gap alignment program, Needleman and Wunsch algorithm).
(D) Summary of the percent of amino acid identities and similarities shared between Drosophila syx-lA and members or putative members of the syntaxin protein family (all sequences retrieved from GenBank).
a simple structure for the transcript corresponding to the isolated cDNA. The longest cDNA contains a single ORF, which encodes a putative protein of 291 amino acids. This protein exhibits 70% amino acid identity and 82% similarity with rat syntaxin-lA over its full length ( Figure 1C ). Comparisons between this novel protein and other syntaxin family members ( Figure 1D ) indicate that the highest degree of identity is shared with both rat and bovine forms of syntaxin-lA. Hence, we have named this Drosophila homolog syx-1A.
syx-lA maps to cytological bands 95E1-2, and a P element inserted at this location was obtained. Using an antisense-directed primer derived from the 5' end of the syx-1A
cDNA paired with the 31 bp inverted repeat of the P element (primers F and P, Figure 1B ), we amplified a 900 bp fragment from the insertion strain. In addition, using inverse PCR (Ochman et al., 1988) , we obtained a 650 bp genomic fragment upstream of the P element. The genomic and cDNA sequence information is schematized in Figure lB . We refer to this P element as P [syx] .
Drosophila syx.lA Is Expressed in the Nervous System
To determine spatial and temporal expression of syx-lA, we performed in situ hybridization to embryos. Expression prior to stage 12 is widespread and includes many tissues. At later stages (stage 12-1, Figure 2A ), expression in ectodermal cells has faded considerably, whereas labeling in anterior and posterior midgut remains fairly strong. The most intense expression is found in cells that will give rise to the garland cells (arrow, Figure 2A ), which surround the proventriculus (stomach) and are thought to function as nephrocytes (Rizki, 1978) . By the end of stage 12, the neurons of the central nervous system (CNS) express syx-lA more abundantly than in the prior stages. By late stage 14 or early stage 15 (Figure 28 ), labeling in the midgut has diminished, expression in the ectoderm is decreasing, and the CNS and the garland cells contain the highest amount of mRNA. In stage 16 embryos ( Figure   2C ), syx-lA mRNA expression intensifies throughout most or all cells of the CNS, though individual cells of the peripheral nervous system (PNS) label more faintly. Hence, we conclude that syx-lA is expressed in most or all cells of the embryonic nervous system. To determine the distribution of syx-lA protein, we immunocytochemically stained embryos with an antibody raised against rat syntaxin-lA (Hata et al., 1993) . This antibody specifically recognizes a protein of the appropriate molecular weight in extracts prepared from Drosophila heads and identifies the protein encoded by the syx-lA gene (see below). The syx-lA protein is primarily present within the CNS and the garland cells, although some ectodermal and midgut staining can be detected in stage 15-17 embryos, in agreement with the tissue distribution of syx-1A m RNA. However, the subcellular distribution of the syx-lA protein in the CNS is quite different than that of the mRNA. in stage 15-17 embryos ( Figure 2D ), staining is most prominent along the longitudinal tracts of the ventral nerve cord and the brain. This corresponds to the area of the neuropil in which most synapses are concentrated. However, in contrast with antibodies that specifically label synapses (Littleton et al., 1993a) , the antisyntaxin antibody also recognizes the commissures of the CNS and the axons of the peripheral neurons ( Figure 2E ) in which no synaptic contact sites are known to be located. In the periphery of the embryo, label can also be observed at the neuromuscular junctions (NMJs) ( Figure 2F ). Finally, low levels of syx-lA seem to be present in bodies of the neurons ( Figure 2E ). Hence, syx-lA protein is present in the presynaptic area, in axons, and in neuronal cell bodies.
Drosophila Syx-lA Is a Synaptic Vesicleand Membrane-Associated Protein
To determine the subcellular localization of syx-lA as well as that of other proteins involved in neurotransmitter release in Drosophila, we have developed preparations of various neuronal fractions from Drosophila heads based on traditional synaptic vesicle preparation protocols. Large amounts of fly heads (40,000-100,000) were frozen, ground, resuspended, homogenized, and briefly centrifuged to pellet cuticle, nuclei, and membranous debris (head pellet, Figure 3A ). The crude supernatant (head extract) was applied to a sucrose step gradient to resolve subcellular components. This gradient centrifugation separates soluble proteins that do not enter the gradient from small light membranes that collect at the step interface and from larger and denser membranes that pellet. Mammalian synaptic vesicles accumulate at the step interface. A representative gel stained with Coomassie brilliant blue ( Figure 3A) shows the profiles of each of these fractions.
We used antibodies to Drosophila synaptic proteins to assess the effectiveness of this gradient centrifugation to enrich for integral and associated synaptic vesicle proteins (see Figures 3B-3D ). The synaptic vesicle-specific protein synaptotagmin, an integral membrane vesicle protein (Perin et al., 1991) , is found exclusively in membranous fractions and does not appear in the cytosolic fraction. Synaptotagmin is particularly enriched in the step interface fraction and is further concentrated when this fraction is stripped with base. The protein is also present within the two pellets (head pellet and membranes, Figure 3B ), presumably due to unbroken terminals that contain synaptic vesicles. Similar observations were also made for Drosophila cysteine string proteins ( Figure 3C ; Zinsmaier et al., 1994) .
Additional confirmation of the identity of the fractions was provided by verifying the location of a protein that cycles from vesicle to cytosol. In mammals, rab3A has been shown to shift from a vesicular position to a cytosolic form dependent on the state of the nucleotide with which it is associated (Fischer von Mollard et al., 1990) . We generated an antibody against drab3 that recognizes a protein band of the expected molecular weight ( Figure 3D Arrows mark the molecular mass of the principal Drosophila protein or isoform recognized by the respective antibodies: synaptotagmin (65 kDa), cysteine string protein (32 kDa), drab3 (26 kDa), and SNAP-25 (22 kDa). Synaptic vesicles (both untreated and stripped populations) obtained with this preparation are enriched for synaptotagmin and cysteine string proteins, whereas drab3 is equally represented in both unstripped synaptic vesicles and cytosolic fractions. A third, less pure fraction, the sucrose gradient pellet (designated as "membranes"), presumably contains neuronal membranes of mixed identities including some vesicles, since synaptotagmin, Drosophila cysteine string proteins, and drab3 are present in this fraction in moderate amounts, whereas the presynaptic membrane-associated protein SNAP-25 is most abundant in this fraction.
(F) Anti-rat syntaxin-lA cross-reacts with a Drosophila antigen of 35 kDa present in fractions taken from a synaptic vesicle preparation. Syx-lA is most abundant in two pellets (crude head homogenate and sucrose gradient), which may be enriched for various neuronal membrane populations, including the presynaptic membrane as well as shown). As in mammals, drab3 is approximately equally distributed between the untreated synaptic vesicles and the cytoplasmic fraction. Stripping dramatically reduces the amount of drab3 retained by the vesicle, as expected.
To verify the various fractions further, we also tested an anti-SNAP-25 antibody (MAb 71.1, a gift from D. Bruns and R. Jahn). As shown in Figure 3E , this antibody identifies a 22 kDa protein in membrane fractions but not in cytosol or stripped synaptic vesicles. Together, these data and the distributions of other antigens, such as rop (Schulze et al., 1994) and the neuronal integral membrane glycoprotein identified by MAb 22C10 (data not shown), indicate that our fractionation protocol allows us to isolate fractions enriched for synaptic vesicles and, in addition, permits the extraction of fractions that mostly contain cytosolic or membrane-associated head proteins. Consequently, we have investigated the subcellular distribution of Drosophila syx-lA in these fractions using the anti-rat syntaxin-lA antibody. The protein recognized migrates at 35 kDa ( Figure 3F ), in agreement with the predicted size of the ORF encoded by syx-lA. In addition, a second, slightly smaller band can sometimes be distinguished, particularly in the gradient pellet fraction. Syx-lA seems to be most abundant in the gradient pellet fraction ( Figure 3F , membranes), suggesting its presence in presynaptic membranes. Strikingly, syx-lA is relatively abundant in the synaptic vesicle fraction and is enriched by base stripping, unlike other membrane-associated proteins (e.g., SNAP-25 and glycoproteins recognized by MAb 22C10). Syntaxin-lA was originally believed to be strictly associated with the presynaptic membrane, although it has recently been alluded that syntaxin may be associated with synaptic vesicles and presynaptic membranes (Jahn and S~dhof, 1994) . Our data indicate that syntaxin is enriched in the head membranous fraction, absent in the cytosol, but is also associated with synaptic vesicles or possibly other small vesicles such as endosomes. Finally, our data indicate that all proteins tested are extremely conserved between vertebrates and Drosophila, as all fruitfly isoforms have similar molecular weights and subcellular distributions as their vertebrate homologs.
P[syx], a P Element Enhancer Detector Insertion
That Disrupts syx.lA As our data placed the P[syx] enhancer detector insertion near the syx-1A ORF, we stained embryos of the P[syx] strain for 13-galactosidase expression. As shown in Figure   4A , the lacZ expression pattern mimics that of syx-lA. In addition, the P[syx] insertion causes homozygous lethality and fails to complement Df(3R)crb ~8~ (95D7-11; 95F15; Tepass et al., 1990 ). The P[syx] enhancer detector can be precisely excised using the A2-3 transposase, and the lethality associated with P[syx] can be reverted. Hence, synaptic vesicles. Syx-lA is also present in enriched synaptic vesicle fractions, particularly after treatment with high pH buffer, suggesting the protein is tightly associated with vesicles. Figure   4C ). S y x -l A levels in these embryos are estimated to be about 30% of wild type. Hence, these data demonstrate that the P[syx] enhancer detector insertion causes a mutation in syx-lA that results in a severe decrease of mRNA and protein levels.
To ascertain whether the mutation in syx-lA affects the distribution of other proteins involved in neurotransmitter release, we analyzed the levels and distribution of several synaptic proteins. The synaptic localization of synaptotagmin and cysteine string protein was assessed in mutant embryos using the DSYT2 and DCSP-2 antibodies, respectively. No noticeable difference at the level of the light microscope in the location of synaptotagmin and Drosophila cysteine string protein staining in the CNS was detected when compared with wild-type controls (data not shown). Hence, reduction of s y x -l A does not dramatically affect the production or distribution of these synaptic vesicle-associated proteins. To determine whether the P[syx] shows the mean -SEM from at least ten synapses.
(D) The distribution of synaptic current amplitudes in syx-lA mutants.
Each series represents 300 stimulations of a single synapse at 1 Hz.
Both the controls and syx-lA hypomorphs show a similar distribution of synaptic current amplitudes in response to constant stimuli, indicating the fidelity of transmission is not altered in these mutants. All the syx-lA null mutants show >95% transmission failure and never exhibit currents greater than a single quantal release. All recordings were taken from muscle fiber 6 in abdominal segments A2-3 at the end of embryogenesis (22-24 hr AEL).
mutation affects the morphology of neurons of the PNS and the CNS, we stained late stage embryos collected from P[syx]l+ adults with MAbs 22C10 (Zipursky et al., 1984) and 1D4 (Van Vactor et al., 1993) . These immunohistochemical stainings allow us to visualize the morphology and position of sensory neurons as well as the trajectories of growth cones of motor neurons within the periphery. No defects in neuronal number, size, or position were detected, nor did axon outgrowth and fasciculation appear to be disturbed (data not shown).
Homozygous P [syx] embryos are embryonic lethal and were observed for behavioral defects. Unhatched embryos were examined 30-36 hr after egg lay (AEL; wildtype larvae normally hatch about 22 hr AEL). These embryos do not exhibit typical peristaltic contraction waves, which allow normal embryos to hatch from the egg case, and they display only very reduced movements of the mouth hooks and muscles in the head region. Furthermore, the embryos are unable to clear their tracheal system of fluid. This defect has been observed in some other mutants that show fairly normal muscle contractions and successfully emerge from the egg case to survive until larval stages (Manning and Krasnow, 1993) . We conclude that failure of the tracheal epithelia to absorb fluid should have little effect on neuromuscular physiology of embryos or first instar larvae. Indeed, the musculature and the CNS appear normally developed when examined with various markers under the light microscope. These results demonstrate that syx-lA is an essential gene that is required for coordinated peristaltic contractions.
Partial Loss of Syx-lA Causes Absence of Endogenous Synaptic Activity
Wild-type embryos at hatching show periodic bursts of robust excitatory currents at the NMJ that have a mean amplitude of several nanoamps ( Figure 5A , left). Interestingly, we detected no endogenous synaptic bursts of activity at the NMJ of P[syx] mutant embryos ( Figure 5A , right), even after extensive recordings (>1 hr, n = 10). We recorded only very rare synaptic currents of <100 pA from P[syx] homozygotes, whereas the control ry6°°/ry 5°6 embryos display nanoamp currents at high frequency (4-5 Hz; Broadie et al., 1994 Figures 5B and 5C ). The amplitude of the excitatory junctional current (EJC) in these mutants is reduced to 20% of the controls. However, the distribution of the synaptic current is very similar when comparing mutant to wild type ( Figure 5D ), showing that the mutation decreases the efficiency of evoked vesicle release but not the fidelity of the excitation-secretion coupling. Thus, the ability of vesicles to fuse and release neurotransmitter in response to a Ca 2+ stimulus is impaired in P[syx] mutants, as reflected by the severely decreased EJC amplitude, but not eradicated, as we only detect rare failures of the evoked response.
Total Loss of Syx-lA Causes Developmental and Neurosecretory Defects
To isolate complete loss-of-function mutations, we performed excision mutagenesis of the P element using A2-3 transposase. About half (45%) were precise or near precise excisions and were homozygous viable, demonstrating that P[syx] is responsible for the mutant phenotypes.
The remainder (55%) were imprecise excisions that were analyzed by PCR; most were internal deletions, but ten failed to amplify with two primer sets (H and P or I and P Figure 4B ). Immunocytochemistry using the anti-syntaxin antibody did not detect syx-lA protein in homozygous Df(3R)A229 embryos ( Figure 2G ), indicating that this deficiency is a null allele of syntaxin.
Df(3R)A 6 lacks approximately 1.5 kb ( Figure 4B) ; however, most or perhaps all of the cDNA sequence is not affected as homozygous ~;mbryos produce some syx-lA protein ( Figure 4C ). Based on the molecular and genetic data,
P[syx] is the weakest and Df(3R)A 229 the strongest syx-1A
allele.
Null mutant embryos fail to develop normally. They fail to secrete most or all cuticle, the gut is morphologically abnormal, and yolk in the gut is undigested ( Figure 4D ).
These defects are similar to those described for rop mutants (Harrison et al., 1994) . However, other tissues of Df(3R)A229 embryos exhibit less severe defects than the secretory and developmental aberrations of embryos that lack rop protein. Indeed, the Malpighian tubules secrete uric acid ( Figure 4D ), and the lumen of the salivary glands contains glue proteins (data not shown). In addition, we do not observe the severe muscle and CNS defects seen in rop mutants, although it should be noted that condensation of the CNS is incomplete in Df(3R)A229 mutants (see Figure 4E , top). Immunocytochemical staining with antisynaptotagmin antibody (Littleton e~ al., 1993a) shows that synapses appear essentially normal in morphology and location when observed with light microscopy ( Figure 4F ). Hence, in the absence of syntaxin-'tA, synapses form and vesicles are targeted to the synapse. However, staining with MAb 22C10 shows that subtle defects in axonal morphology and fasciculation can be observed (data not shown). Axon bundles of the intersegmental and segmental nerves appear thickened and irregular in shape. Similar defects are also apparent in the CNS of embryos stained for fasciclin II with MAb 1D4 ( Figure 4E ). It is likely that we have not detected all morphological abnormalities.
Complete Failure of Evoked and Endogenous
Neurotransmitter Release in syx-lA Null Mutants
In spite of these defects, homozygous Df(3R)A229 embryos maintain a relatively normal neuromuscular architecture. Muscles are present in their normal position and number, are birefringent, and are normally contractile. Furthermore, focal iontophoresis of the transmitter revealed that glutamate receptors were properly clustered, and the glutamate-gated current measured in response to this application was similar to Chat of control larvae. Thus, the muscle physiology, coupled with the evidence that synapses are present and are normally localized, indicated the feasibility of performing electrophysiological studies. As in P [syx] homozygotes (see Figure 5A ), null mutants exhibit no endogenous synaptic transmission. Furthermore, synaptic transmission cannot be evoked in null mutants by stimulation of the motor nerve ( Figure 5B , right panel, top trace; Figure 5C ). The only responses observed are rare, single-vesicle fusion events ( Figure 5B , right panel, bottom trace). Hence, in absence of syntaxin, Ca2+-dependent neurotransmitter release is abolished.
Discussion
In this study, we have described the cloning, sequence, structure, and expression pattern of the Drosophila syx-lA gene as well as the cellular and subcellular distribution of the protein. In addition, we have isolated mutations in syx-lA that demonstrate that the gene is essential for embryonic viability and that it is necessary for many secretory processes. Most importantly, in the complete absence of syntaxin-lA, synaptic transmission is eliminated, although some spontaneous fusion of single synaptic vesicles persists.
The similarities between rat and fruitfly syntaxin-lA show that the protein has been highly conserved during evolution. Two domains of Drosophila syx-lA, amino acids 112-162 and 201-269, are most highly conserved between the fruitfly and rat. Residues 116-261 of rat syntaxin-lA are crucial for the association of syntaxin with Munc-18 (Hata et al., 1993) . In addition, residues 194-267 of the rat protein have been previously shown to contain binding sites for synaptobrevin (Calakos et al., 1994) .
Based on a protocol developed to isolate mammalian synaptic vesicles, we have isolated fractions from adult Drosophila heads that are enriched for neuronal membranes, neural cytosol, or synaptic vesicles. Using a variety of antibodies against synaptic proteins, we have demonstrated that five proteins implicated in neurotransmitter release have remarkably similar molecular weights and subcellular distributions when compared with their vertebrate homologs. These data clearly demonstrate that the molecular machinery underlying synaptic transmission is extremely well conserved between vertebrates and invertebrates.
Through Western analysis of the various fractions, we also find that a significant portion of syx-lA is tightly associated with synaptic vesicles or endosomes. Similar observations have apparently been made in vertebrates (Jahn and SL~dhof, 1994) . The biological significance of synaptic vesicle-associated syntaxin is unclear. It is possible that the association of syntaxin with synaptic vesicles or endosomes is simply due to endocytosis of presynaptically localized syntaxin during vesicle recycling.
The distribution of the syx-1A product within other secretory tissues than the CNS, such as gut, garland cells, and ectodermal epithelia, and particularly the phenotypes associated with these tissues in the mutants, suggests that Drosophila syx-lA may be necessary for nonneuronal forms of secretion. A variety of secretory events are known to occur in the developing embryonic digestive system, including the digestion of the yolk (stage 17) and secretion of a cuticle sheath as protection from digestive enzymes (stage 16; Skaer, 1993) . The various alleles exhibit increasingly more severe defects: P[syx] embryos do not resorb tracheal fluid, Df(3R)/16 embryos weakly secrete cuticle and fail to resorb their intestinal contents, and Df(3R)/1229 embryos exhibit all of these defects and have little or no cuticle. Hence, it is likely that syx-lA is involved in nonneural secretion and that some secretory events in the nervous system may be closely related to constitutive secretory pathways.
During late embryonic development, the syx-lA protein seems to be most abundant in garland cells and CNS. Localization to axonal tracts raises the question whether syntaxin may play a role in growth cone plasmalemmal expansion and/or synapse formation. We observe no severe defects in growth cone guidance, fasciculation, and synapse formation in syx-lA partial loss-of-function mutants when gauged with various antibodies; however, some subtle membranous defects and incomplete compaction of the ventral nerve cord is seen in null mutants. However, no obvious defects were observed at synapses in embryos that lack syntaxin. We therefore conclude that syx-lA plays a role in late neuronal differentiation, possibly by affecting membrane biogenesis or membrane stability. In the latter case, lack of syx-lA may severely impair the ability to propagate action potentials and, hence, indirectly impede neurotransmitter release. As shown in Figure 5B , the electrophysiological recordings suggest that action potentials propagate as rapidly in partial loss-of-function mutants as in wild-type embryos, thus favoring the former hypothesis.
Our electrophysiological data show that P[syx] embryos lack the endogenous bursting pattern observed in wildtype embryos ( Figure 5A ). This is particularly intriguing as muscles of these embryos can be stimulated to evoke a response that is about 20% of the amplitude observed in control larvae. This observation can most easily be explained if we assume that two or more neurons communicating in series are required to evoke a spontaneous response at the NMJ. If neurons that synapse onto the motor neurons can only release 20% of the normal number of synaptic vesicles, the motor neuron may not be able to respond because a critical threshold is not obtained to generate an action potential. Hence, in vivo, in the absence of direct and sufficient external stimulation of the motor neuron, no synaptic vesicle release can be observed.
The observation that no evoked response is seen in embryos that lack syntaxin indicates that this protein plays an essential role in neurotransmitter release. We believe that the lack of responses in these mutants is not due to developmental defects at the NMJ, nor is it due to obvious muscle defects. Muscles appear normal by all criteria tested, and we observe no obvious morphological defects in the synapses of mutant embryos when immunocytochemically stained with the anti-synaptotagmin antibody. However, some morphological defects are observed in the CNS and the PNS with various antibodies, and it is impossible to exclude at this stage that these defects do not at least contribute in part to the observed electrophysiological defects. Interestingly, as shown in Figure  5B , some spontaneous vesicle fusions can rarely be recorded in syx-lA null embryos, suggesting that not all spontaneous synaptic vesicle fusions require syntaxin-lA. The presence of spontaneous fusions also argue that synapses are to some extent functional, and that the observed defects are of a presynaptic nature.
A comparison between the electrophysiological properties of synaptotagmin and syntaxin mutants shows that both proteins play fundamentally different roles. First, in the absence of synaptotagmin, some synaptic transmission persists, though the synaptic currents are unpatterned and extremely reduced in amplitude (Broadie et al., 1994) . We observe no such endogenously generated transmission in syx-lA mutants. Second, mutants that lack synaptotagmin often fail to respond to stimulation but retain some highly attenuated Ca 2+ dependence of neurotransmitter release (Broadie et al., 1994) , whereas mutants that lack syx-lA fail completely in neu rotransm ission. Third, all synaptotagrain mutants tested exhibit an increase in spontaneous vesicle fusions or MEJCs (Broadie et al., 1994; Littleton et al., 1994 Littleton et al., , 1993b , whereas preliminary data indicate that MEJC frequency may be decreased in syx-lA mutants (K. B., unpublished data). These data, combined with many other recent observations, indicate that synaptotagmin is a neuronally specialized Ca 2÷ sensor and a regulator of the basic docking and fusion machinery. The electrophysiological data presented here provide in vivo evidence that syntaxin is required for evoked synaptic vesicle fusion, presumably as an essential component of the vesicle docking and fusion machinery. In summary, we have presented evidence that the molecular mechanisms underlying neurotransmitter release seem to be extremely well conserved between invertebrates and vertebrates. Syx-lA plays a critical role in several secretory processes in Drosophila, including cuticle secretion and neurotransmitter release, and probably assists in neuronal membrane maturation or the final stages of neuronal differentiation. We propose that syntaxin-lA forms an essential component of the t-SNARE (SSIIner et al., 1993) , and in its absence, no protein can substitute for its function. Further work will be aimed at determining whether syx-lA plays a role indocking or fusion of vesicles and how syx-lA functions in neuronal differentiation.
Experimental Procedures

Molecular Techniques
PCR amplification was performed with degenerate oligonucleotides using a head cDNA library (Salvaterra, 1987) . Mixed oligonucleotides were synthesized based on residues 218-224 and 251-257. The PCR conditions were as follows: one cycle at 95°C (5 rain); 35 cycles at 94°C (1.5 rain), 55°C (2 rain), and 72°C (3 rain); one cycle at 72°C (3 rain). Library screening and Southern analyses were carried out as described in Sambrook et al. (1989) . All PCR using nonredundant primers was performed as follows: one cycle at 95°C (5 rain); 30 cycles at 94°C (1.5 rain), 57°C-60°C (2 rain), and 72°C (3 rain); one cycle at 72°C (3 rain).
In Situ Hybridization and Immunohistochemical Staining of Embryos
The digoxigenin-iabeled RNA probes was prepared from a 600 bp fragment of the syx-lA cDNA (including 364 bp of 5' leader sequence and 258 bp encoding the first 86 amino acids).
Embryos (12-18 hr old) were collected and processed for immunohistochemical staining. Primary antibodies were utilized at the following dilutions: anti-rat syntaxin-lA (polyclonal 1378), provided by Dr. T. C. SLidhof, 1:500 (Hata et al., 1993) ; DSYT2, anti-Drosophila synaptotagmin (Littleton et al., 1993a) , 1:1,000; DCSP-2 MAb against Drosophila cysteine string proteins (Zinsmaier et al., 1994) , supplied by Dr. K. E. Zinsmaier, 1:50; MAb 1D4, anti-Drosophila fasciclin II (Van Vactor et al., 1993) , obtained from Dr. C. S. Goodman, 1:50; MAb 22C10, a neuronal marker that recognizes a membrane antigen on all cells of the Drosophila nervous system (Zipursky et al., 1984) , 1:200. Embryos (12-18 hr old) were collected from P[syx]lTM3 flies and stained for t%galactosidase. Anti-[3-ga~actosidase (Promega) was diluted 1:5,000. Biotinylated horse anti-mouse and goat anti-rabbit IgGs were utilized as secondary antibodies (Vector), and the VectaStain ABC-HRP kit was used to augment signal detection (Vector).
Preparation of Drosophila Synaptic Vesicles
Synaptic vesicles were prepared from Drosophila by a modification of the standard procedure outlined by Huttner et al. (1983) . Canton-S adult flies were collected and quickly frozen by immersion in liquid nitrogen. Heads were selectively removed from bodies by shaking through sieves. Approximately 5 mi of frozen heads were ground with a mortar and pestle at -70°C, suspended in 30 ml of ice-cold 0.2 M sucrose, and homogenized with 10-12 strokes of a motorized glass homogenizer with teflon pestle (Wheaton), After a brief centrifugation in a JA-20 rotor (10 min at 12,000 x g) to pellet coarse debris and cuticle fragments, the supernatant was diluted 1:3 with ice-cold buffer A (20 mM HEPES-NaOH [pH 7.4], 0.1 M NaCI). Aliquots of the pellet and supernatant were collected ("head pellet" and "head extract," respectively). The remainder of the diluted supernatant was evenly distributed atop six ice-cold sucrose steps, each consisting of a layer of 10 ml of 0.4 M sucrose and a layer of 10 mt of 0.2 M sucrose. Synaptic vesicles were differentially separated from cytosolic and other membranous components by centrifugation of the gradients in an SW-28 rotor (2 hr at 87,000 x g). About 5 ml of material was removed at each 0.2-0.4 M sucrose interface, and these "unstripped synaptic vesicles" were collectively diluted with either an equal volume of ice-cold buffer A or buffer B (0.1 M Na2CO3) to prepare "stripped synaptic vesicles." Diluted vesicles were incubated in stripping buffer for 30 rain on ice and centrifuged in a Ti 50.2 rotor (1.5 hr at 227,000 x g). Unstripped synaptic vesicles were resuspended in buffer A by homogenization. Stripped synaptic vesicles were treated again with 50 ml of ice-cold buffer B by a brief homogenization followed by a 30 rain incubation on ice. After a second 50,000 rpm centrifugation, the pellet was resuspended by homogenization in buffer A. Aliquots also obtained from the sucrose gradients were those removed from the top material that did not enter the sucrose (-cytosor'), as well as material resuspended from the gradient pellets ("membranes"). All solutions were supplemented with the following protease inhibitors (Sigma): 1 mM EGTA, 0.5 mM phenylmethylsulfonylfluoride (PMSF), 0.5 mM benzamidine, 10 ~g/ml leupeptin, and 5 p.g/ml pepstatin A. Solutions were prepared freshly and stored on ice, and all manipulations were performed at 4oc. Western blots were probed for 1 hr at room temperature with the following dilutions of primary antibodies: polyclona11378, 1:5,000; polyclonal DSYT2, 1:25,000; MAb DCSP-2, 1:100; polyclonal anti-drab3 11440, 1:1,000 (this study); and monoclonal 71.1, 1:1,000 (D. Bruns and R. Jahn, unpublished data). Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG secondary antibodies (Cappel) were applied at dilutions of 1:2,500 using enhanced chemiluminescent detection (Amersham).
Production of Polyclonal Antibodies and Immunoblot Analysis
For detection of syntaxin protein in embryos, 20 embryos of the appropriate genotype were collected 24-30 hr AEL and a crude membrane fraction was prepared (Wilcox, 1986) . The entire cytosolic fraction was collected by ice-cold acetone precipitation. These extracts were resolved by SDS-PAGE and analyzed by Western blotting with enhanced chemiluminescence with anti-rat syntaxin antibody (1:5,000) and anti-rop affinity purified antibody (1:10,000, Schulze et al., 1994) .
Electrophysiological Recordings from Mutant Embryos
Electrophysiology was performed essentially as described in (Broadie and Bate, 1993; Broadie et al., 1994) . In brief, whole-cell recordings were obtained from muscle fiber 6 of abdominal segments 2 or 3 using standard patch-clamp techniques. Glutamate-mediated excitatory current was measured at the NMJ by application of 0.1 M L-glutamate delivered through a pipette by short pulses of negative current with a small positive backing current to prevent leakage of transmitter. Evoked synaptic transmission was measured by stimulating the motor nerve with a section electrode at its exit point from the CNS using short positive current pulses and recording the synaptic current at the voltage-clamped muscle fiber 6. For these procedures, the muscle was voltage-clamped at -60 mY, and recordings were performed in normal Drosophila physiological salines.
